Since numerous pathogens occur in feces, water is monitored for fecal contamination using indicator organisms rather than individual pathogens. Although this approach is supported by health effects data in recreational waters, it is questionable when used for drinking water. Most outbreaks in groundwater occur in systems that have not violated the US EPA's maximum contaminant limit (MCL) for total coliforms within 12 months before the outbreak. Additionally, environmentally stable viruses and parasites are often detected in drinking water samples with no detectable indicators. Recent detections of Escherichia coli O157:H7 and Campylobacter jejuni in groundwaters in the apparent absence of indicators also cast some doubt on the worth of indicators for fecal bacterial pathogens. Individual pathogen monitoring is now technically achievable but currently unreasonable due to the number of possible pathogens and the costs involved. Several alternatives to pathogen monitoring could significantly reduce the frequency at which pathogens occur in waters testing negative for indicators: (i) increasing sample volumes for indicators, (ii) increasing monitoring frequency, (iii) using a suite of indicators, (iv) using a more conservative polymerase chain reaction (PCR) method, (v) sampling when fecal contamination is most likely present or (vi) any combination of these options.
INTRODUCTION
Numerous pathogens of fecal origin can occur in contaminated water; moreover the occurrence of any particular pathogen in contaminated water is random over time and space. There is no way to determine which fecal pathogen or pathogens may be present in water at any given time and it is neither practical nor cost-effective to monitor for all of them. As a result, water quality has been tested by detecting organisms that function as indicators of fecal contamination rather than for specific pathogens (Barrell et al. ; Payment & Locas ) . The most commonly used indicators are: total coliforms, fecal (thermotolerant) coliforms, Escherichia coli and enterococci (APHA ).
Other organisms found in feces that have been suggested for use as indicators include Clostridium perfringens, Bacteroides spp. and coliphages (Savichtcheva & Okabe ) .
The indicators recommended by the US EPA for monitoring recreational water are enterococci for marine waters and either enterococci or E. coli for fresh waters. These two particular indicators are recommended for recreational waters because their levels correlated with health effects data in epidemiological studies (Dufour & Ballantine ) .
Coliforms have traditionally been the indicator of choice for drinking water; although there are there are no health effects data to support this choice. The total coliform rule (TCR) (US EPA ) requires testing 100 mL volumes of finished drinking water for total coliforms. If total coliforms are found, the drinking water must be tested for either fecal system according to a written sample site plan that is subject to state review and revision. Samples must be collected at regular time intervals throughout the month, except for groundwater systems serving 49,000 persons or fewer, which may collect them on the same day.
The current groundwater rule (GWR) (US EPA ) is based entirely on monitoring. The sampling plan for monitoring groundwater is the plan described in the TCR (US EPA ). Monthly sampling requirements are based on population served and range from one sample per month for systems serving 25 to 1,000 people to 480 for systems ser- [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] showed that only 22% of community and only 9% of non-community systems experiencing an outbreak had violated US EPA's maximum contaminant limit (MCL) for total coliforms in the 12 month period before the outbreak (Craun et al. ) .
The effectiveness of current groundwater monitoring practices is questionable for identifying periodic intrusions of fecal contaminants, partly because the amounts of water tested for fecal contamination are minuscule compared to the quantities that pass through even the smallest distribution systems. Periodic monitoring for fecal indicators offers minimal (if any) protection against the presence of fecal pathogens in drinking water, especially in communities that utilize untreated groundwater. Only real-time monitoring of all of the water that passes through a distribution system could fully guarantee drinking water that is free from fecal contamination. Unfortunately, this type of monitoring is not feasible with existing technology and cost constraints. Given detection limits and uncertainty in existing methods, even continuous monitoring would not ensure complete freedom from fecal contamination. The best that we can expect periodic monitoring to accomplish is to allow identification of groundwater systems into which there are recurrent intrusions by contaminated surface water, sewage or leaky septic tanks.
Several possible approaches could be taken, either individually or in combination, to improve water monitoring.
These are: (i) test for specific pathogens rather than indicators; (ii) increase the sample volumes; (iii) increase the frequency of monitoring; (iv) utilize targeted sampling, directed toward times when the source waters are most vulnerable to contamination, rather than sampling at set times and frequencies; (v) use a suite of indicators rather than a single indicator for monitoring; and (vi) use quantitative polymerase chain reaction (qPCR), which is a more conservative marker of fecal contamination than cultural methods, to measure indicators.
TARGET ORGANISMS: INDICATORS OR PATHOGENS?
One reason the use of total coliforms as indicators is frequently questioned is that some of the organisms identified as total coliforms are widely distributed in nature and are not necessarily associated with the intestinal tract of warm blooded animals (Dutka ) . The effectiveness of coliforms as indicators has also been questioned for use in water contaminated by protozoa due to the greater stability of the protozoan cysts and oocysts (Craun et al. ; Rose ).
In addition, there is evidence that human viruses survive longer in water than coliforms and have sometimes been which obviously cannot be monitored for directly.
Despite these various stability and transport issues, there is some evidence that testing for total coliforms and E. coli is effective. Total coliforms have sometimes been epidemiologically associated with waterborne disease outbreaks caused by viruses (Craun et al. ) . Moreover, the results of the two recent studies in Quebec, Canada (Locas et al. , ) suggested that total coliforms were the best indicator of microbial degradation of water quality and that sampling for total coliforms and E. coli remains the best approach to detect contamination of source water by fecal pollution. In both Quebec studies total coliforms were always present at the same time as human enteric viruses. Therefore, indicator monitoring still appears preferable to specific pathogen monitoring. However, when the five gallon samples were concentrated and analyzed, coliforms, including E. coli, were recovered along with the viruses. This observation suggests that the 100 mL volume used to detect indicators was too small.
INCREASING SAMPLE VOLUME
Further evidence for the value of increasing the sample volumes used for indicators was provided by a comparison of bacterial indicators and sampling programs by Collin et al. () , who demonstrated that analysis of 300 mL samples instead of 100 mL samples tended to generate better water quality information. They performed assays on 722 water samples using the standard 100 mL volume and duplicate 300 mL assays on the same samples and observed that 84 of the 259 (32%) initially negative samples were positive for coliforms when a 300 mL sample was assayed. Similar results were observed with thermotolerant coliforms; 17% of the negative water samples became positive when a 300 mL volume was analyzed. Hänninen et al.
() found it necessary to use sample volumes as large as 1,000-2,000 mL to detect fecal indicators in tap water samples after outbreaks of gastroenteritis attributed to Campylobacter. The need to use sample volumes that large was probably due to the die-off of the indicators that occurred between the exposures and recognition of a waterborne outbreak and to the fact that contamination was only transient.
INCREASING MONITORING FREQUENCY
Only 22% of public systems that reported outbreaks from 1991 through 1998 had violated US EPA's MCL for total coliforms in the 12-month period before the outbreak. However, coliforms were detected in 73% of these same systems during waterborne outbreak investigations (Craun et al. ) . The fact that coliforms were detected at a greater frequency during outbreak investigations is probably due to the more intensive monitoring that occurs during an outbreak investigation, the infrequent coliform monitoring requirements under the TCR or both. For most of these systems, the TCR had required the collection of only one to three coliform samples each month (Craun et al. ) . 
ALTERNATIVE INDICATOR MONITORING METHODS
Use of alternative indicator organisms could also noticeably reduce the frequencies at which pathogens are found in contaminated waters in the assumed absence of fecal indicators. 
REGULAR SAMPLING INTERVALS OR TARGETED SAMPLING?
There have been investigations of waterborne outbreaks in which no coliforms were detected even though large numbers of samples were collected and analyzed. This finding emphasizes the fact that water contamination sufficient to cause an outbreak can be intermittent and short-lived. Enterococcus faecium was isolated from the same sample, further indicating the presence of fecal contamination; however, E. coli O157:H7 was not isolated from that sample.
More intensive sampling during the time period in which the system was most vulnerable to contamination could have revealed the fecal contamination and alerted the authorities to either chlorinate or issue a boil water order before the outbreak occurred.
The occurrence of snowmelts and heavy rainfalls in the spring suggests that it would be appropriate to monitor for fecal contamination more frequently during that period. 
).
If we assume the distribution of bovine herds shedding E. coli O157:H7 in the US is similar to that observed in Scotland, only 18.9% of farms would even include shedders of E. 
